Migraine is the sixth most common cause of disability in the world. Preventive migraine treatment is used to reduce frequency, severity and duration of attacks and therefore lightens the burden on the patients' quality of life and reduces disability. Topiramate is one of the preventive migraine treatments of proven efficacy. The mechanism of action underlying the preventive effect of topiramate in migraine remains largely unknown. Using functional magnetic resonance imaging (fMRI) we examined the central effects of a single dose of topiramate (100mg) on trigeminal pain in humans, compared to placebo (mannitol). In this prospective, within subject, randomized, placebo-controlled and double-blind study, 23 healthy participants received a standardized nociceptive trigeminal stimulation and control stimuli whilst being in the scanner. No differences in the subjective intensity ratings of the painful stimuli were observed between topiramate and placebo sessions. In contrast, topiramate significantly decreased the activity in the thalamus and other pain processing areas. Additionally, topiramate increased functional coupling between the thalamus and several brain regions such as the bilateral precuneus, posterior cingulate cortex and secondary somatosensory cortex. These data suggest that topiramate exhibits modulating effects on nociceptive processing in thalamo-cortical networks during trigeminal pain and that the preventive effect of topiramate on frequent migraine is probably mediated by an effect on thalamo-cortical networks.
Introduction
Migraine is among the most prevalent neurological disorders [1] and certainly one of the most disabling [2] . Its severe socioeconomic impact and the harmful influence on a patient's quality of life are alarming [3] , which stresses the importance of the improvement of current treatment options. The pharmacological treatment options are either acute (abortive) or preventive (prophylactic). Preventive migraine treatment aims at reducing frequency, severity and duration of attacks. Anticonvulsants are commonly used as preventive migraine treatment with topiramate being among the most widely used. Due to the extensive body of evidence that proves its PLOS ONE | https://doi.org/10.1371/journal.pone.0184406 October 9, 2017 1 / 10 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 efficacy, topiramate is considered an evidence-based medication in the preventive treatment of migraine [4] . Although effective in reducing migraine attack frequency [5, 6] , little is known about the underlying central mode of action in migraine treatment [7] . Most of our understanding of modes and sites of action behind its therapeutic efficacy in migraine derives from preclinical animal studies, utilizing different models of trigeminal activation. Topiramate affects glutamatergic and GABAergic transmission, as well as sodium and calcium channels [8, 9] . All of these mechanisms influence trigeminovascular activity and may play a role in migraine although the exact mechanism is not known [7] . Storer and Goadsby [10] showed that systemically administered topiramate partly inhibited stimulus-evoked cell firing in the trigeminocervical complex, but failed to show an inhibition after local application. The authors concluded that topiramate is likely to act outside of the trigeminocervical complex in cats. However, a study investigating the role of GABA receptors in thalamic neurons in response to nociceptive stimuli in rats finds an effect of anticonvulsants on the thalamus: Neuronal thalamic firing in response to L-glutamate injection and electrical stimulation was inhibited by GABA and valproate [11] . Using electrophysiological techniques Andreou et al. showed that topiramate inhibits nociceptive neurotransmission in the trigeminothalamic pathway of rats [12] . Activation in the ventroposteromedial (VPM) nucleus of the thalamus after electrophysiological stimulation was significantly inhibited after intravenous administration as well as after local application of topiramate into the thalamus [12] . The results indicate that neurons within the thalamus may modulate trigeminal nociceptive transmission. These data imply that topiramate exerts some of its therapeutic effect by an inhibiting effect on the thalamus.
The aim of this study was to investigate the effect of topiramate on the neural activity (measured by blood oxygen level-dependent [BOLD] responses) following a standardized experimental trigeminal pain paradigm [13, 14] . Building upon the above mentioned results of animal studies we expected topiramate to have an inhibiting effect on the thalamus.
Materials and methods

Participants
27 healthy volunteers participated in the experiment. They were recruited using public internet advertisements in 2016. 2 participants were excluded from the analysis due to technical problems, 2 participants withdrew consent after the first session. The final sample included 23 participants (10 male; age: 19 to 34 years, M = 24.4). None of the volunteers reported a history of neurological, psychiatric or pain disorders, specifically no headache disorders. None of the subjects reported contraindications for topiramate. The study was approved by the local ethics committee (Ä rztekammer Hamburg; PV4084) and participants gave written informed consent. Volunteers were remunerated for participation.
Experimental design and task
This study had a placebo-controlled, crossover, randomized and double-blind design. The two identical sessions were separated by at least a two weeks wash-out period. Initially participants took an oral dose of either 100mg topiramate or placebo, which was followed by a waiting phase of 1 hour to reach tmax of topiramate [9] . Prior to the experimental phase, blood samples were drawn and in their first session participants completed a training session to familiarize with the task. In the experimental phase participants performed a standardized trigeminal pain paradigm in the MR scanner, that has been described in detail before [14] . In short, 4 different stimuli where applied 15 times each in a pseudorandomized order. Participants perceived either a trigemino-nociceptive stimulus (gaseous ammonia), an olfactorial stimulus (rose odor), a neutral stimulus (air puffs) or a visual stimulus (flickering checkerboard), of which all gaseous stimuli were administered through a Teflon tube to the left nostril. Following each trial, participants had to rate the stimulus intensity (0 = no pain/no sensation to 100 = highest pain imaginable / highest intensity imaginable) and pleasantness (analogous to the intensity ratings from -50 = very pleasant to 50 = very unpleasant), respectively, on a visual rating scale in the scanner.
Medication
Participants were randomly assigned to receive an oral topiramate dose (100mg; Topamax 1; Janssen-Cilag, Neuss, Germany) or placebo in the first session, followed by at least a 2-week washout period before starting the second session with the alternate substance. Placebo pills contained medically non-effective mannitol [15, 16] (Mannitol 99.5 T, highly-dispersed silicon dioxide 0.5 T) and matched the topiramate pills in appearance. Blood samples were drawn 60 min after administration to determine the topiramate plasma concentration at its peak, shortly before the start of the MR measurement. Vital signs (blood pressure, heart rate) were monitored. Possible side effects were assessed via interview.
MRI data acquisition
Functional and structural images were acquired on a 3T Siemens Trio scanner (Siemens AG, Erlangen, Germany) using a 32-channel head coil. High-resolution structural T1-weighted images were acquired using a magnetization-prepared rapid gradient echo sequence (1 x 1 x 1 voxel size). Functional images were acquired using an echo planar imaging sequence (repetition time 2.62 seconds, echo time 30 milliseconds, flip angle 80˚, field of view 220 x 220 mm). One functional imaging session consisted of~900 to 1100 volumes; while each volume consisted of 40 axial slices (2 mm slice thickness, 1 mm gap). Total scantime was about 55 minutes per session for the whole experiment.
Determination of plasma concentration
A 4.9 ml blood sample was drawn from the forearm into a vacuum tube with ethylenediaminetetraacetic acid (EDTA). Plasma was obtained by centrifugation at 1.6 rcf for 7 min at 20˚C and stored at -20˚C until analyzed using liquid chromatography/mass spectrometry (LC-MS/ MS) [17] . Calculation of the concentration was based on an internal standard. Analysis of plasma was conducted by AescuLabor Hamburg GmbH.
Behavioral data analysis
Behavioral responses were assessed by a visual analogue rating scale (VAS) and averaged across items per session. Data analysis was performed using SPSS Statistics version 22.00 (IBM Corp., Armonk, NY). Significant differences in the average pain intensity ratings between medication and placebo session were tested with a paired t-test. Statistical threshold was set to p<0.05.
MRI statistical analysis
Data analysis was performed using statistical mapping software SPM12 (Wellcome Trust Centre of Neuroimaging, http://www.fil.ion.ucl.ac.uk/spm) using standard algorithms and parameters unless specified differently. The first 5 pictures of each session were deleted. Preprocessing included slice time correction, data realignment to the mean volume, spatial normalization into MNI (Montreal Neurological Institute) stereotactical space and spatial smoothing (8mm Gaussian kernel).
Single subject analysis was performed based on the general linear model (GLM) as implemented in SPM12. For each session five separate, experimental regressors were included in the design matrix: Four experimental conditions (ammonia, rose odor, air puffs, and visual checker board) and the button presses. These regressors were constructed by convolving stick functions at stimulus onsets with a canonical hemodynamic response function. Additional nuisance was attenuated by including six movement regressors (3 translational and 3 rotational), obtained from the realignment step, for each session into the model. The first-level design subsequently included 22 regressors, 11 for each session (placebo and topiramate). Contrast images of the comparison ammonia > air puffs were computed for both sessions (medication and placebo). Also contrast images were computed which compared nociceptive processing (ammonia > air) between medication and placebo session on individual level. Olfactorial and visual stimuli were not used for further analyses on group level.
These contrast images of each participant were then used for group statistics. Since a within-subject comparison between medication and placebo session had already been calculated on subject level, a one-sample t-test across all subjects was computed. Based on results from animal studies we were specifically interested in the effect of topiramate on the thalamus. Successively a small volume correction (SVC: p (FWE) < 0.05) of the thalamus was performed using a mask obtained from the Harvard-Oxford cortical/subcortical structural atlas (http:// www.cma.mgh.harvard.edu/fsl_atlas.html). Additionally the whole brain analysis of the differential contrasts between topiramate and placebo is reported at a threshold of p (FWE) < 0.05 at cluster level. For clustering, the uncorrected p-threshold at voxel level of p 0.001 was used for this and the following analysis. A psychophysiological interaction analysis (PPI) [18] was calculated to determine changes in pain-related functional connectivity of the thalamus (identified as a region of interest in preceding analysis) caused by topiramate. A thalamus mask of the right and left thalamus cortex of the Harvard-Oxford cortical/subcortical atlas was used as the seed region. The GLM for the PPI included three regressors (1. the time course extracted from the seed region, 2. pain (ammonia > air) as the psychological/stimulus variable, 3. the interaction term [i.e. time series × stimulus variable]) and additionally 6 movement regressors. A one-sample t-test for the difference between sessions was computed, analogous to the above mentioned second level analysis. A threshold of p (FWE) < 0.05 (at cluster level) was regarded significant.
Results
Behavioral data
Mean pain intensity ratings measured by the VAS scale (±SEM) where 58.3 (± 3.6) for the topiramate session and 59.3 (±4.2) for the placebo session. There was no significant difference between mean pain intensity ratings in both sessions.
Physiological data
The mean plasma concentration of topiramate was 1.38 mg/L (SD = 0.8). Treatment-emergent adverse events were reported by 16 participants. These included mild to moderate dizziness, difficulty with concentration, paresthesia and fatigue.
Imaging data
Main effects of nociceptive stimulation. During noxious ammonia stimulation throughout both sessions, we observed significantly increased BOLD responses (voxel level FWE-corrected) in several areas typically involved in trigeminal nociceptive processing. These areas included the bilateral thalamus, insular cortex, amygdala, midcingulate cortex (MCC) and anterior cingulate cortex (ACC), cerebellum and brainstem areas (Fig 1A) .
Differences in pain processing between topiramate and placebo. When comparing both sessions, we found a significant increase of activation of the thalamus after placebo administration, compared to topiramate (x = 4, y = -8, z = 8, t22 = 4.72, p < 0.05 SVC). We additionally found an increased activity within the bilateral ACC, rostral anterior cingulate cortex (rACC), MCC and the secondary somatosensory cortices (Fig 1B) . Full details on cluster size, coordinates and statistical values are given in Table 1 . No cluster reached significance for the opposite effect (Pain x topiramate > placebo).
Psychophysiological interaction. To further assess the underlying network affected by topiramate, we used the thalamus as a seed region for a psychophysiological interaction (PPI) analysis [18] . Under topiramate, the thalamus showed enhanced functional coupling with the precuneus, PCC, MCC, and the secondary somatosensory cortex (p (FWE) < 0.05, cluster level), when compared to placebo (Fig 2) . The opposite contrast (interaction x placebo > topiramate) did not reveal any significant activation differences. All PPI results are summarized in Table 2 .
Discussion
Our main finding is that topiramate reduces the BOLD effect in several pain transmitting brain areas including the thalamus during nociceptive trigeminal input. Topiramate also increases the functional connectivity of the thalamus to other brain areas of the somatosensory system including the precuneus. This suggests that the effect of attack reduction by topiramate in frequent migraine is not simply a question of where topiramate binds in the brain, but rather of how the presence of topiramate changes network activity.
Trigeminovascular thalamic neurons serve as a relay station for incoming nociceptive signals from brainstem areas as well as multisensory information [19] . Central sensitization of central trigeminal and thalamic neurons can alter the perception of somatosensory trigeminovascular inputs and thereby contribute to the development of cutaneous allodynia [20] . The current findings thus corroborate animal studies suggesting that migraine-effective anticonvulsants aim at nociceptive trigeminothalamic and trigeminovascular pathways [21] .
Given the finding of an inhibiting effect on a specific thalamo-cortical network, it could be presumed, that topiramate binds at the thalamus and thereby interrupts the connectivity to the cortex. But analyzing changes in functional connectivity, we did not find any connection between the seed region (thalamus) and other pain-related areas that was interrupted or inhibited by topiramate. On the contrary we found that topiramate increases the functional connectivity of the thalamus to other brain areas of the somatosensory system including the precuneus. An abnormal communication between pain-modulating areas in migraineurs has been demonstrated [22] [23] [24] . Thalamo-cortical dysrhythmia is imminent to this atypical information processing [25, 26] and plays a major role in migraine pathophysiology [7] . Consequently dysfunctional thalamic connectivity presents itself as a fruitful target for preventive medication. Topiramate potentially interrupts, changes or corrects patterns of dysfunctional connectivity present in the migraine brain. This altered functional coupling might be consolidated over time and eventually facilitate the preventive effect of topiramate in migraine. The psychophysiological interaction analysis does not allow for directional interpretation, it rather shows that activation in those areas oscillate in synchrony. The enhanced functional coupling between the thalamus and several brain regions involved in somatosensory processing under topiramate, might therefore constitute the migraine preventive effect, representing the normalization of dysrhythmic functional coupling. Nevertheless this speculation could only be tested with longitudinal approaches, ideally as a connection of fMRI and resting state connectivity or arterial spin labeling which would offer further insight into neuronal connectivity and help to identify network alterations caused by topiramate. This network, or systems effect of topiramate, would also be consistent with its ability to elicit well known side effects such as cognitive impairment. Cognitive side effects of topiramate are well known and have been described in epilepsy patients [27] , migraineurs [28] and healthy subjects [29] . These deficits are reported after single-dose treatment and on steady-dose and encompass reduced attention, psychomotor-speed, working memory and language impairment [29] . Some studies also assessed the effects of topiramate on fMRI [30, 31] . Investigating the effect of topiramate on verbal fluency MRI, a positive correlation of topiramate dose with precuneus activity was demonstrated [32] .
Study limitations
We note that no modulatory effect of topiramate on pain perception was found. This was expected, given that topiramate has no antinociceptive properties in the clinically used dose range and it is not used as a pain killer. Another reason why we have not seen a modulatory effect on pain perception, is that the short nature of the experimental pain stimulus differs perceptively from migraine pain. Moreover, in clinical practice, we see that pain modulating effects of preventive medication are often delayed. Our study focusses on central effects of the usual dosage used to treat migraine patients, and our observation of the acute effects of topiramate may shed light on the question how topiramate exerts its effects in migraine treatment. Furthermore, as topiramate is a preventive medication, its long term effects are of central importance. Besides, the effect of topiramate was studied in the healthy system as opposed to the pathophysiological system of migraineurs. At the outset this was crucial as changes in the migraineurs brain caused by topiramate, do not enable us to draw conclusions as to what caused the change: the medication directly, or the reduction of pain caused by the medication. Thus future clinical research should focus on the central effects of topiramate in the pathological system of migraine patients.
Conclusion
Our results corroborate evidence from animal studies suggesting that topiramate modulates nociceptive trigeminal transmission [12] with data from healthy human subjects. Topiramate attenuated the pain-related activity of parts of the thalamo-cortical network and enhanced thalamic connectivity to the precuneus, PCC and SII. These results suggest that topiramate targets a system, rather than a single structure. Moreover they could represent changes in (dys)function that consolidate over time constituting to the preventive effect in migraine. As the current study investigated healthy participants, future investigations in a patient's cohort are needed.
Pinpointing the mode and locus of action of effective medication will enhance our understanding of migraine pathophysiology.
